Si self-diffusion and B diffusion in SiO 2 were simultaneously investigated in thermally grown 28 SiO 2 co-implanted with 30 Si and B. The B diffusivity increases with decreasing distance between the implanted B and Si/ SiO 2 interface, in the same way as Si self-diffusivity. This result together with a numerical simulation shows that SiO molecules, which are generated at the Si/ SiO 2 interface and diffusing into SiO 2 , enhance not only Si self-diffusion, but also B diffusion. In addition, we found that the diffusivities of both Si and B increase with higher B concentration in SiO 2 . The experimental results can be quantitatively explained by a numerical simulation assuming that the diffusivity of SiO, which enhances the diffusivities of Si and B, increases with higher B concentration.
As the thickness of the SiO 2 layers for metal-oxidesemiconductor (MOS) devices decreases, atomic and molecular diffusion in SiO 2 becomes a fundamental issue. Concerning impurity diffusion, boron (B) penetration through the thin SiO 2 layer is still a serious problem in high-gate dielectrics because of the formation of an interfacial SiO 2 layer. 1 For Si self-diffusion, we have recently found, based on experimental and simulation results, that SiO molecules generated at the Si/ SiO 2 interface and diffusing into SiO 2 enhance Si self-diffusion in SiO 2 . 2, 3 This suggests that the effect of the Si/ SiO 2 interface must be taken into account in thermal processing involving ultrathin SiO 2 layers. In addition, diffusion of SiO is closely related to the viscosity of SiO 2 , which is an important property of materials. 4 The present work investigates the correlation between Si selfdiffusion and B diffusion in SiO 2 , and their interaction with SiO arriving from the Si/ SiO 2 interface.
An isotopically enriched 28 Si single-crystal epilayer was thermally oxidized in dry O 2 at 1100°C to form 28 SiO 2 of thicknesses of 200, 300, and 650 nm. The samples were implanted with 30 Si at 50 keV to a dose of 2 ϫ 10 15 cm −2 and capped with a 30-nm-thick silicon nitride layer by rf magnetron sputtering. These procedures lead to the sample structure in Fig. 1(b 11 B at 25 keV to a dose of 5 ϫ 10 13 or 3 ϫ 10 15 cm −2 , which will be referred to as low-dose and highdose samples, respectively. The implantation energy was chosen so that the peak position of implanted B would be close to that of 30 Si. The as-implanted profiles of 30 Si and B are shown in Fig. 1 . Samples were pre-annealed at 1000°C for 30 min to eliminate implantation damage and diffusionannealed at temperatures between 1100 and 1250°C in a resistively heated annealing furnace. The depth profiles of 30 Si and B were measured by secondary ion mass spectrometry (SIMS) using O 2 + as a primary ion beam with acceleration energy of 5 keV. Figure 1 shows the depth profiles of 30 Si and B in the high-dose 200-nm-thick sample after diffusion anneal of 6 h at 1250°C. The as-implanted profiles before pre-annealing are shown as initial profiles in Fig. 1 because the profiles after the pre-annealing showed no observable diffusion within the accuracy of our SIMS measurements. The In addition, for the high-dose sample, a significant decrease in the 30 Si concentration at its peak region was observed, where B concentration is high. In contrast, the tail region of 30 Si showed less significant diffusion, where B concentration is low. The same tendency was consistently observed for 28 SiO 2 samples with other thicknesses and for different annealing conditions; for example, after 24 h at 1200°C.
Before we present a consistent numerical simulation of these experimental results to support our correlated diffusion model, we address the possible concern that the implantation damage and strain in SiO 2 may play a role in the diffusion of Si and B. We believe that the implantation damage is of no concern because the self-diffusivity of implanted Si in thick SiO 2 agrees with that obtained from damage-free chemical vapor deposition SiO 2 , 5 and remains unchanged for the doses between 1 ϫ 10 14 and 2 ϫ 10 15 cm −2 , as described in Ref.
2. In addition, we performed pre-annealing prior to the diffusion anneals. The strain in thin samples is also of no concern because the Si self-diffusion, which increases with time due to increasing amounts of SiO arriving from the Si/ SiO 2 interface, 3 would decrease with time if the diffusion were affected by the strain (or by damage), which should be gradually relieved (reduced) by the anneals. Figure 2 shows the B profiles in low-dose samples after annealing at 1200°C for 24 h. As we revealed for Si self-diffusion, 2,3 the B profile demonstrates a clear dependence on the thickness of the 28 SiO 2 layer; the shorter the distance from the Si/ SiO 2 interface, the higher the B diffusivity in SiO 2 . This tendency was observed consistently for the high-dose samples and other temperatures employed in this study. This dependence of B diffusivity on the distance indicates that Si self-diffusion and B diffusion as well are enhanced by SiO molecules, which are generated at the Si/ SiO 2 interface and diffusing into SiO 2 . The experimental signature of the B diffusivity enhancement with decreasing SiO 2 thickness is also found in Refs. 6 and 7, where highly B doped poly-Si in MOS structures was used as the source of diffusing B.
The results in Fig. 2 11 which corresponds to the effective thermal B diffusivity, is used in our simulation. Consequently, the only parameter needed to fit the experimental B profiles in Fig. 2 is D given earlier, the B diffusion profiles of low-dose samples were well reproduced by the simulation. However, the same simulation of the B diffusion for high-dose samples underestimated the results, as shown by the thick dotted line in Fig.  3 . Strong enhancement of the boron diffusion in SiO 2 for the boron concentration above 10 20 cm −3 has been reported previously, 13 and we should take into account such an effect in our simulation. In order to reproduce the experimentally , which represents the sum of the two contributions to B diffusion (thermal diffusion and diffusion via SiO). Using C B cri =2ϫ 10 20 cm −3 , high-B-dose B profiles were fitted by the same set of diffusion parameters as that for low-dose profiles, as shown in Fig. 3 .
Finally, we show the simulation result for the increase of Si self-diffusivity with higher B concentration. In order to model the 30 Si diffusion with the B concentration dependence taken into account by multiplying D SiO SD by a factor of exp͑C B / C B cri ͒, the diffusion mechanism of Si self-diffusion developed in our previous paper 3 and that of B diffusion discussed earlier are combined to explain the simultaneous enhancement of the 30 Si and B diffusion by 28 SiO͑i͒ arriving from the Si/ SiO 2 interface. Figure 4 shows the simulated 30 Si profiles after annealing at 1250°C for 6 h, which reproduce the experimental profiles for both high-dose and unimplanted (also low-dose) samples by using the same single set of parameters obtained from the B profiles discussed above. Si profile in the high-dose sample calculated without taking into account the B concentration dependence is also shown in Fig. 4. Fitting the   30 Si peak leads to an overestimation of the tail part, which confirms that the 30 Si diffusion at its peak region is enhanced by the existence of high-concentration B. The present result indicates that Si and B atoms in SiO 2 diffuse correlatively via SiO; namely, the enhanced SiO diffusion by the existence of B enhances B diffusion and Si self-diffusion. This correlation is consistent with the theoretical result that SiO molecules diffuse predominantly through interstitial sites with frequent atomic exchange interactions with substitutional atoms. 8 Furthermore, because viscosity is inversely proportional to diffusivity 14 and the viscosity of SiO 2 strongly depends on the impurity content, 15 the increase of SiO diffusivity may be closely related to decreasing SiO 2 viscosity with higher B doping.
In summary, Si self-diffusion and B diffusion in SiO 2 were simultaneously observed in 28 SiO 2 samples coimplanted with 30 Si and B. Both Si self-diffusivity and B diffusivity increase with decreasing distance from the Si/ SiO 2 interface. This indicates that SiO molecules govern not only Si self-diffusion but also B diffusion. In addition, both Si self-diffusivity and B diffusivity increase as B concentration increases, indicating faster SiO diffusion with higher B concentration in SiO 2 . We have developed a numerical simulation that takes into account the correlated diffusion indicated in the experiments.
